Kinetic analysis of two mutations within Pseudomonas aeruginosa exoenzyme S (ExoS) showed that a E379D mutation inhibited expression of ADP-ribosyltransferase activity but had little effect on the expression of NAD glycohydrolase activity while a E381D mutation inhibited expression of both activities. These data identify ExoS as a biglutamic acid ADP-ribosyltransferase, where E381 is the catalytic residue and E379 contributes to the transfer of ADP-ribose to the target protein.
subcloned into pET15b (Novagen). Recombinant proteins were expressed in Escherichia coli BL21 (DE3) and purified to 75 to 80% homogeneity, as His-tagged fusion proteins as previously described (22) . These proteins contain six-histidine amino acids at the amino terminus of ⌬N222, but the presence of the His tag does not influence expression of enzymatic activities (11) . ADP-ribosyltransferase and NAD glycohydrolase activities were measured as previously described (22) . Intracellular expression of various forms of ⌬N222 in CHO cells was performed as previously described (16) .
The ADP-ribosylation of soybean trypsin inhibitor (SBTI) by ⌬N222-E379D and ⌬N222-E381D was FAS dependent. The specific activity of ⌬N222-E379D in the ADP-ribosyltransferase reaction was 700-fold slower than that of the wild type, ⌬N222, while the specific activity of ⌬N222-E381D was 300-fold slower than that of the wild type (Table 1) . Kinetic analysis (average of three independent experiments) showed that, at variable NAD, ⌬N222-E379D possessed a K m(app) for NAD of 169 Ϯ 39 M with a k cat of 1.49 Ϯ 0.17 mol/min/mol, while, at variable SBTI, the K m(app) for SBTI was 371 Ϯ 90 M, with a k cat of 3.91 Ϯ 1.14 mol/min/mol. Relative to those of the wild type, ⌬N222, the K m(app) s of ⌬N222-E379D for NAD and SBTI had increased 3-and 10-fold, respectively, while the k cat /K m(app) ratio had decreased about 300-fold. The determined kinetic defect of the E379 mutation was similar to that which we had previously determined for the E381 mutation (13) , which indicated that both glutamic acids were required for efficient catalytic expression of ADP-ribosyltransferase activity.
To enhance the resolution of the role of E379 in catalysis, an analysis of the role of E379 in the NAD glycohydrolase reaction was determined. ⌬N222-E379D catalyzed the NAD glycohydrolase reaction at 0.71 mol of nicotinamide released/min/ mol, which was only fourfold slower than that of ⌬N222 (Table  1) . In contrast, ⌬N222-E381D catalyzed the NAD glycohydrolase reaction at a specific activity of 0.001 mol of nicotinamide released/min/mol of ⌬N222-E381D, which was about 2,000-fold slower than that of ⌬N222.
CHO cells were cotransfected with plasmids encoding either ⌬N222, ⌬N222-E381D, or ⌬N222-E379D and reporter plasmid pEGFPN1 (Clonetech). Intracellular expression of ⌬N222 caused a dose-dependent decrease in enhanced green fluorescent protein (EGFP) expression (data not shown), as previously observed (16) . In contrast, expression of ⌬N222-E381D did not modify EGFP expression, while expression of ⌬N222-E379D caused only a slight reduction in EGFP expression. This indicated that neither ⌬N222-E379D nor ⌬N222-E381D had a substantial effect on reporter protein expression in CHO cells. Quantitation of a second reporter protein, luciferase, showed that while transfection with p⌬N222 inhibited luciferase expression in a dose-dependent process, transfection with p⌬N222-E379D or p⌬N222-E381D did not have a substantial effect on luciferase expression in CHO cells (Fig. 1) . In addition, while transfection with 300 ng of ⌬N222 was cytotoxic to CHO cells, which was measured as the uptake of trypan blue, CHO cells transfected with 300 ng of either ⌬N222-E379D or ⌬N222-E381D excluded trypan blue (data not shown). This indicated that intracellular expression of neither ⌬N222-E379D nor ⌬N222-E381D was cytotoxic to CHO cells and that intracellular expression of ADP-ribosyltransferase, but not NAD glycohydrolase activity, correlated with the cytotoxic phenotype of ⌬N222 (16) .
Previous studies in our laboratory identified Glu381 as a potential active-site glutamic acid residue of ExoS (13), which allowed the sequence alignment of ExoS with other ADPribosyltransferases. The primary amino acid sequence adjacent to the active-site glutamic acid is conserved among ExoS and cholera toxin, heat-labile enterotoxin (LT) iota toxin of Clostridium perfringens, and several eukaryotic ADP-ribosyltransferases (Fig. 2) , which are biglutamic acids, since mutagenesis studies have shown that both glutamic acids are required for expression of wild-type levels of enzymatic activity (2, 7, 12, 18, 20) . These ADP-ribosyltransferases have been termed biglutamic acid transferases. This study shows that ExoS is also a biglutamic acid transferase, since both Glu379 and Glu381 are required for efficient expression of ADP-ribosyltransferase activity. A catalytic role for two glutamic acids has been reported for other biglutamic acid ADP-ribosyltransferases, such as LT, rodent T-cell antigen, and iota toxin (7, 12, 18) . As observed for ExoS, it was noted that the determined sequence of the eukaryotic RT6 antigen included a Gln at position 207 and the antigen expressed only NAD glycohydrolase activity, while mutagenesis to a Glu at position 207 yielded a protein that now expressed ADP-ribosyltransferase activity (7). Studies with LT suggested that Glu112 contributed more to catalysis than Glu110 (2), since substitutions at Glu112 resulted in a reduction in k cat of over 100-fold while the k cat of the Glu110 mutant was reduced 40-fold. In the case of ExoS, both Glu379 and Glu381 appear to play a role in catalysis, since the aspartic acid mutation at either residue reduced activity by Ͼ100-fold and the principal defect appears to be in enzyme turnover, not substrate or target protein binding affinity. In addition, the E379D mutant possessed considerable NAD glycohydrolase activity, while the E381D mutant was deficient in catalyzing the NAD glycohydrolase reaction. Thus, it appears that the E379D and E381D mutations play unique roles in the catalytic process, where Glu381 contributes to an early step in the catalytic reaction mechanism involving NAD hydrolysis while Glu379 contributes to a later step in the transferase reaction, possible the c Activities are expressed relative to that of ⌬N222, which was normalized to 100%. Data are presented as the average of experiments performed in triplicate. Statistical analysis was performed by using Sigmaplot 4.01. Twenty four hours posttransfection, the cells were lysed and luciferase expression was assayed as previously described (16) . The data presented are the average of duplicate assays. The experiment was repeated twice, and a representative experiment is shown. transfer of ADP-ribose to arginine within the target protein.
The lower NAD glycohydrolase activity catalyzed by ⌬N222-E379D relative to that of the wild type, ⌬N222, is probably due to its threefold-higher K m for NAD observed in the kinetic analysis of ADP-ribosyltransferase activity. Identification of both E379 and E381 as components of the ADP-ribosyltransferase reaction should allow the engineering of a double mutant of ExoS which is essentially void of ADP-ribosyltransferase activity, which will assist in the in vivo characterization of the modulation of host cell physiology by ExoS.
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